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We present experimental results of p-atomic and /x-molecular processes induced by negative 
muons in pure helium and helium-deuterium mixtures. The experiment was performed at the Paul 
Scherrer Institute (Switzerland). We measured muonic x-ray K series transitions relative intensities 
in (fi'^''^¥Le)* atoms in pure helium as well as in helium-deuterium mixture. The muon stopping 
powers ratio between helium and deuterium atoms and the d/i^He radiative decay probability of for 
two different helium densities in D2 + ^He mixture were also determined. Finally, the q^^ probability 
for a dfi atom formed in an excited state to reach the ground state was measured and compared 
with theoretical calculations using a simple cascade model. 
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I. INTRODUCTION 

The experimental study of atomic and molecular pro- 
cesses induced by negative muons captured in hydrogen 
and helium provides a test of many-body calculations 
comprising different methods of atomic, molecular, and 
nuclear physics. In spite of about 50 years of experimen- 
tal [l,3j^^£,] and theoretical T^8,M,M.,lll studies for 
processes occurring in helium and deuterium, as well as 
helium-deuterium mixtures, there exist still some open 
questions. The most important are listed here: 

- direct atomic muon capture in h-He mixtures {h = 
H2 , Da , T2 and He = ^He, 4He) ; 

- initial population of /i/i and /iHc excited states 
for various deexcitation processes of muonic atoms 
(e.g., Stark mixin g, A uger and Coulomb deexcita- 
tion processes [Illll IM 111 ) ; 

- muon transfer between excited states of pth and 
AtHe d US El 111 123; 

- the probability chc to reach the uh ground state in 
a h-Be mixture M 111 HI IH il il ; 

- ground state muon transfer from fj,h to helium via 
the intermediate 2pa molecular state, /i/xHe 13111 
m m m, and the subsequent decay to the un- 
bound Isa state H IH IH lH El ■ 
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In the case of a deuterium-helium mixture the (d/iHc)* 
molecule, created in rf/i + He collisions, has three possible 
decay channels: 

dn + }ic^^° [{diiBeye] ^ [(AiHe)+e] + rf + 7(la) 

h [(^He)+e] + d (lb) 
h (^He)++d + e. (Ic) 

Here, A-y is the (d/xHe)* molecular decay channel for 
the 6.85 keV 7-ray emission, Ae for the Auger decay, and 
Ap for the break-up process. The (d/iHe) molecule is 
formed, with a rate XdHc, in either aJ = OoraJ=l 
rotational state (J denotes the total angular momentum 
of the three particles). The J = 1 state is mostly pop- 
ulated at slow d/i-He collisions. The J — 1 —> J — 
deexcitation due to inner or outer Auger transition is 
also possible ,31j _32, 33] . In principle it competes with 
the decay processes of Eq. (Q, and can be followed by 
another decay due to nuclear deuterium-helium fusion 
from the J = state [sllssj. 

In this paper we present experimental results for 
fundamental characteristics of /i-atomic (MA) and ^- 
molecular (MM) processes in a Da-l-'^He mixture, namely 
the muon stopping power ratio, the q^^' probability, the 
radiative branching ratio for the radiative decay of the 
(d/i'^He)* molecule (Qi), and delayed Lyman series tran- 
sitions in /iHe atoms for two different target densities 
and at nearly constant helium concentrations. Results 
for relative intensities of /iHe K series transitions in pure 
■^'^He and D2 -I- '^He for different target densities are also 
presented. 
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II. EXPERIMENTAL CONDITIONS 

A study of MA and MM processes mentioned above 
requires the simultaneous use of miscellaneous detectors 
appropriate for the detection of the muon beam, the 
muonic x rays of /jh and /LtHe atoms (formed in the target 
due to direct muon capture by the correspondent nuclei 
or due to muon transfer from hydrogen to helium) , prod- 
ucts of nuclear reactions occurring in ^/i — He complexes, 
and muon decay electrons. Detection of the latter is nec- 
essary not only for yield normalization but also for back- 
ground reduction. This was realized by requesting that 
the muon survives atomic and molecular processes. Thus, 
muon decay electrons were detected within a certain time 
interval after the principal particle detection. For a pre- 
cise measurement of the characteristics of MA and MM 
processes the detection system and the associated elec- 
tronics should posses high energy and time resolutions. 

The experiment was performed at the Paul Scherrer 
Institute (PSI) at t he u EA muon channel. It is described 
in details in Refs. j36l IstI l38*| . A schematic muon eyes 
view of the setup is given in Fig. ^ 



TABLE I; Experimental conditions, such as temperature, 
pressure, density, and helium concentration. The last column 
presents the number of muon stops in the gas. 




E_R/ 



10 cm 

FIG. 1: Scheme of the experimental setup. The view is that 
of the incoming muon. 

The experimental setup was designed and developed 
to study nuclear reactions in char ge a symmetric muonic 
molecules such as {dn^Ue) iMll IM ES El El El 
El: 

d^^He ^ a(3.66MeV) -f ^ +P (14.64 Me V). (2) 

Charged muon-capture products were detected by three 
silicon telescopes located directly in front of the kapton 
windows but still within the cooled vacuum environment 
(Si;7p, Si/{/, and Si£)o)- Muon decay electrons were de- 
tected by four pairs of plastic scintillator counters (E^^, 



Run 


Gas 


Temp. 


Pressure 




CHc 


A''stop 






[K] 


[atm] 


[LHD] 


[%] 


[10''] 


I 


^He 


32.9 






100 




la 






6.92 


0.0363 




640.4 


lb 






6.85 


0.0359 




338.1 


Ic 






6.78 


0.0355 




375.3 


Id 






6.43 


0.0337 




201.7 


II 


^He 








100 




Ila 




20.3 


12.55 


0.1060 




239.4 


lib 




19.8 


9.69 


0.844 




554.1 


lie 




20.0 


4.52 


0.039 




32.3 




D2 + ^He 


32.8 






4.96 




III 






5.11 


0.0585 




4215.6 


IV 






12.08 


0.1680 




2615.4 



Ef7P, Eflj, Eco) placed around the target. The cryo- 
genic target body was made of pure aluminium and had 
different kapton windows in order to detect in particular 

- the ~ 34 MeV/c momentum muon beam, 

- the 6.85 keV 7 rays emitted via the radiative decay 
given in Eq. (^) , 

- the x-ray Lyman series transitions from the /zHe 
deexcitation (Ka at 8.2 keV, Kf3 at 9.6 keV, and 
Kj at 10.2 kcV). 

The 0.17 cm'^ germanium detector (Geg) used for the 7 
and x-ray detection was placed just behind a 55 /im thick 
kapton window. 

The experiment includes four groups of measurements 
as depicted in Table The first two groups, I and II, 
are '^He and ^He measurements at different temperatures 
and pressures. The remaining measurements. III and IV, 
were performed with D2 -I- '^He mixtures at two different 
densities. The density is normalized to the liquid hy- 
drogen density (LHD), Nq = 4.25 x lO^^cm'^. Run III 
was by far the longest run because its original purpose 
was to measure the fusion rate in the d/i'^He molecule, 
Eq. |(5J, and the muon transfer rate Ajjsjjc from d/i atoms 
to ■^He nuclei |33|. The germanium detector energy cal- 
ibration was carried out during the data taking period 
using standard sources, namely ^°Co, ^^Co, ^^Fe, and 
"^Cs. 



III. METHOD OF THE MEASUREMENT 

The MA and MM processes occurring in D2 -l-'^He mix- 
tures after the muon has stopped in a target volume is 
explained in detail in Ref (3q |. The main characteristics 
are shown in Fig. |21 Depending on the time elapsed after 
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FIG. 2: Scheme of /^-atomic and /i-molecular processes in the D2 + ^He mixture. Details about all processes and rates are 
found in Ref. 



a muon stop in a mixture one can distinguish between 
prompt and delayed MA processes. 

The foUowing processes are considered as prompt ones: 

- the slowing down of muons entering a target to 
velocities enabling an atomic capture into excited 
states of fih or /xHe, with a characteristic mod- 
eration time tmnd < 10~^ s for target densities 

f > 10-3 [miiiiiiiiii; 

- the formation of excited muonic atoms, (fih)* , 



(/^He)*, tfo 



10' 



the cascade transitions in (/ife)* and (pHe)* muonic 



atoms, tr 



10- 



149^ 



the muon transfer from exited states of (fJ-h)* to 
helium (occurring in D2 + '^He mixtures), t < 



10- 



-10 



The delayed processes are: 

- the ground state muon transfer from muonic deu- 
terium to helium 123, E3l ; 



the formation of excited (dfi^He)* molecules 
(with the subsequent prompt decay after about 

10-" s mil)- 



A. Pure helium 

One of the main characteristics of MA processes occur- 
ring in pure helium are absolute and relative intensities of 
muonic K series x-ray transitions in (/xHe)* atoms. Their 
knowledge provides important information about the ex- 
cited states initial population of the /xHe atoms and the 
dynamics of deexcitation. According to the above given 
classificatioir of MA processes and the conditions of runs 
I and II it is clear that only prompt K series transitions 
from /xHe were observed. Events detected by the germa- 
nium detector within a time range —30 ns < tj < 30 ns 
around time t = (defined as the muon stop time) were 
classified as prompt. The chosen time range is a con- 
sequence of the detector and its related electronic time 
resolution. The relative intensities, J^°, of the Kx lines 
(cc = a, /?, 7) are: 

^ /H^ = l, (3) 



jHc _ 



Ho 



with 



a:— a,/3,7 



where , Y^^'^ , Y^° are the yields of /iHe Kx lines with 
energies 8.17 keV, 9.68 keV, and 10.2 keV, respectively. 
These yields are determined as follows: 



Ho 



^1 - 'r]x)£x 



vHo _ 
^tot ~ 



E 

a;— a,/3,7 



He 



(4) 
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with y^Qj'^ being the total yield of all Kx lines. The quan- 
tities N^'' are the prompt events numbers corresponding 
to the /^He Kx lines, "qx are the total attenuation co- 
efficients of the corresponding Kx lines and Ex are the 
corresponding detection efficiencies. The intensity is 
the cumulative photon yield of the Lyman series n > 4. 

In fact, only detection efficiency ratios {Sxa = Sx/^a) 
are required for the determination of the relative inten- 
sities. Therefore Eq. (O can be rewritten as 



rHe 



N. 



He 



with 



S 7T 



Ho 



a;— a,p,7 



(5) 



(6) 



being the total yield normalized to the detection effi- 
ciency Ea- This fact significantly increases the accuracy 
of measured in experiment. The corresponding errors 
were mainly due to insufficient knowledge of the respec- 
tive attenuation coefficients. One can expect, however, 
that attenuation coefficients, as compiled in Ref. dif- 
fer only slightly because the differences between energies 
of Kx lines (Ai;^_„ = E{K(}) - E{Ka) = 1.51 keV, 
AE^_a = E{K-/) - E{Ka) = 2.03 keV) are relatively 
small. Recent experimental results also confirmed this 
assumption (see Refs. [20ll28| ). 

The detection efficiencies, Ex are determined using 
Eqs. Q and via 



N; 



Ho 



(7) 



where N^^^ is the number of muons stopping in helium, 
given in Table For an accurate determination of the 
K series transitions attenuation coefficient we performed 
Monte Carlo (MC) calculations taking into account the 
experimental geometry and all material layers placed be- 
tween the x-ray emission and the germanium detector. 
The total attenuation coefficient r]x of each Kx line in- 
cludes the x-ray attenuation while passing through the 
gas, the target and chamber kapton window, and through 
the germanium detector Be window taken from Ref. 51] . 
We obtained rja = 0.156, t]/3 = 0.085, and rj^ = 0.075. 

A significant reduction of the germanium detector 
background was achieved by using delayed coincidences 
between x rays and electrons. This method is called the 
"del-e" criterion. Ground state muonic helium atoms 
disappear mainly by muon decay. 



(8) 



and by nuclear muon capture (with proton, deuteron, or 
triton emission |38l l52l Is^ ) . The average disappearance 
rate is 



Aho 



Ao + A; 



He 



0.457 X 10" s" 



(9) 



where Aq = 0.455 x lOS"! and X% = 2216(70) s'^ 
Thus, delayed electrons were measured during a time in- 
terval corresponding to two fiKe atom life times (rpje = 
2.19 ^s Jsl). 

The relative intensities of Kx lines, /^^oi detected in 
coincidences with muon decay electrons, are given by 



tHc 



1 



N. 



He 



Ejt iVH?.,(l - rjx)e 



with 



He 



£e/t 



E 

— Q,/3,7 



N; 



Ho 



(1 - rix)Ex 



(10) 



(11) 



where N^^^ are the number of events in pure helium de- 
tected by the germanium detector in coincidence with 
muon decay electrons within a fixed time interval At — 
te~t^, with and the time of the germanium and de- 
cay electron counters, respectively. Both times are mea- 
sured relative to the muon stop time t = 0. Ec is the 
detection efficiency of muon decay electrons and the time 
factor 



ft = l-e 



-AHcAt 



(12) 



is the probability that a muon decays in the ground state 
of /iHe during the time interval At. 

It should be noted, that the coefficient Ecft is not re- 
quired as an absolute number for the determination of 
the intensities 1^1^ as it enters the numerator and de- 
nominator of Eq. (|10|l in the same manner. However, it 
is needed for the D2 -I- ^He analysis. The quantity £c/t is 
determined by comparing Eqs. © and ((Tn|l yielding 



£e/t 



jyHe 

x — e 



(13) 



Another interesting problem is the study of /iHe atoms 
in excited metastable 2s states. One can expect, accord- 
ing to Refs. ^IE3,IEl|i that the (/fHe)2s atom pop- 
ulation varies between 5% and 7% under our experimen- 
tal conditions for runs I and II. The two possible chan- 
nels of 2s —^ Is deexcitation are two-photon transition 
with a rate A2^ 1.06 x 10^ s~^ Isl wl and the Stark 
2s 2p Is deexcitation jH^ l56l l57i| induced by col- 
lisions of (/iHe) 2s atoms with the surrounding atoms or 
molecules. The corresponding rate for the experimental 
conditions of runs I and II is A '--^ 2.2 x 10^ s~^. If the 
time of Stark induced transitions is shorter than the res- 
olution time of the germanium detector the correspond- 
ing Ka transition would be experimentally classified as a 
prompt event. Otherwise, it would be possible to extract 
an upper bound for Stark induced transition rates. 



B. 



D2 -I- He mixtures 



In a D2 -l- ^He mixture one observes Kx lines aris- 
ing from the deexcitation of /iHe atoms formed not only 
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due to direct muon capture by helium nuclei (as in pure 
helium) but also due to muon transfer from muonic 
deuterium to helium. Because the dfj, atoms deexcita- 
tion time is of the order 10^^ s~^ (under our experimen- 
tal conditions) the corresponding emission of K series 
transitions occurs practically immediately after a muon 
stop in the mixture and can be classified as a prompt 
event. Muons are captured by D2 and '^He according 
to the capture law 0. Information about relative rates 
of atomic muon capture by deuterons and helium nuclei 
in a D2 + ^He mixture as well as the probability that 
an excited (d/i)* atom reaches its ground state when the 
muon also has the possibility of transferring directly from 
an excited state to a heavier nucleus, in our case helium 
probability) is of unquestionable importance for un- 
derstanding kinetics in muon catalyzed fusion (/iCF). A 
method for determining the characteristics of MA pro- 
cesses in D2 + '^He mixture is presented in the following 
subsections. 



where (pmix is the atomic density of the D2 -I- ^He mix- 
ture normalized to LHD and cd and chg are the relative 
deuterium and helium concentrations (cd + chc = !)■ 

Analogously, one can use a pure deuterium target in- 
stead of the helium one to determine the equivalent deu- 
teriimr target density (^d- Then, equating numbers of 
electrons detected in runs with pure deuterium and in 
the D2 -I- "^He target one can obtain the equivalent den- 
sity, (fu, and hence the coefficient A 

It should be noted, however, that a determination of A 
from Eq. H17() with the same accuracy as from Eq. I|16() 
requires a significantly greater helium concentration in 
the D2 -I- "^He mixture. 

2. The qfs probability 



1. Muon stopping powers ratio 

A muon entering the D2 -I- '^He mixture may be cap- 
tured by deuterium or helium into atomic orbits of ex- 
cited d^, or /iHe atoms. The correspondin g re lative prob- 
ability has the following form ill il 11 13 



1 



1 + ^ • CHc 



A ■ CHc 
H- A • CHc ' 



(14) 



where cue is the relative atomic helium concentration in 
the D2 -I- '^He mixture and A is the muon stopping power 
ratio, 



A- 



(dE/dx) 



He 



{dE/dx)D 



(15) 



with (dE / dx)}ic and (dE/dx)^ the ionization energy loss 
of muon per one atom of helium and deuterium. 

The muon stopping power ratio A may be experimen- 
tally determined from the yield of electrons produced in 
muon decay processes in pure helium and in D2 -I- '^He 
mixture. However, the same constant momentum of the 
muonic beam must be kept during expositions with both 
targets. The experiment relies upon the determination of 
a density of a pure helium target, (puc, (by variation of 
the target density) such that the number of muon stops 
in the target (and consequently the number of electrons 
arising from muons decaying from the c?/i and "^He ground 
state atoms) is the same as the one obtained for a given 
D2 -I- ^He mixture. Under this condition the moderation 
thickness of the pure helium target is the same as the 
one of the D2 + "^He mixture with density tpmix and he- 
lium concentration cho, given in Tabled run III. Using 
Eq. (|14|) one can determine the corresponding equivalent 
density of the pure helium target as 



{cu+A 



(16) 



Prompt Lyman series transitions in /iHe atoms are also 
observed in a D2-f '^He mixture. As mentioned previously, 
they originate from direct muon capture by deexcitation 
of (/iHe)* atoms or by muon transfer from excited muonic 
deuterium to helium. However, the relative intensities of 
K series transitions measured in a D2-t-'^He mixture differ 
from the ones in pure helium because effective reaction 
rates of /iHe deexcitation processes depend on the target 
conditions. 

represents the (d/i)* atom probability to reach the 
ground state in a D2 + "^He mixture and is defined as 



lis 



(18) 



where 



is the number of dfj, atoms created in the 



excited state due to direct muon capture in deuterium 
atoms, and nj^ is the number of the dfj, atoms which 
reach the ground state during the cascade. The number 
of d/j, atoms created in the excited state can be written 



(19) 



where N^^^^ represents the number of muon stops in the 
D2 + '^He gas mixture. 

Since our setup is not able to measure n^^, we used 
another method to determine qf°. The number of /iHe 
atoms formed in excited states due to muon transfer from 
(dfi)* to helium, (d/i)* +Be^ (He/i)* + d, is n*H™"^ and 
corresponds to 



transf 



- nX ■ (20) 

The total number of /iHe atoms created in the excited 
states and emitting prompt Kx lines is given by the yield 



^D/He _ 



2: — a,/3,7 



(1 - 'qx)ex 



(21) 
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On the other hand, n^l^, is the number of /iHe atoms 
formed in the excited states in a D2 + '^He mixture due 
to direct muon capture by hehum atoms 



dir 



D/Ho 



transf 



(22) 



Isolating nj^ in Eq. (PO)) . using Eqs. ifT^ and if^ . we 

obtain the probabiHty as 



4ls 



= (1 + A ■ CHc) 



1 - 



D/Hc 



D/Hc 
stop 



(23) 



In the case of detecting events by the germanium detector 
in coincidence with muon decay electrons, the total yield 
1^0/^'' Eq. has to be replaced by 



D/Hc _ 



Soft ^ 



N. 



D/Hc 



(1 - ri^)eor: 



(24) 



where A^, Ap, and Ae are the reaction rates for the 
d^^Re molecular decay according to channels (a), (b) 
and (c) of Eq. respectively, also shown in Fig. |21 
The formation of the d/i'^He molecule practically co- 
incides with the subsequent 7~ray emission because of 
the very short ave rag e life-time of d/i'^He molecule (~ 

io"s-i HillllllllP)- 

In the present experiment only the radiative decay 
channel is detected. The corresponding k^/^Hc probability 
is determined by the ratio 
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(28) 



tot 



where TVfj^ and iV^A^'Hc ^^^^ ^^le total number of d/x^He 
molecules formed in the mixture and the number of 
molecules subsequently decaying via the radiative chan- 
nel, Eq. 1^), respectively). The latter quantity may be 
expressed as 



3. Radiative molecular peak 

The delayed muonic x rays are generated by two dif- 
ferent mechanisms initiated by dfi atoms in their ground 
state. The first mechanism described in this section is 
simply molecular muon transfer, specifically Eq. |^) ac- 
companied by a 6.85 keV 7-rays. Experimental molecu- 
lar muon transfer from muonic deuterium to helium A^jajjo 
is presented in detail in many papers, in particular in 
Refs. 1^ together with the corresponding reaction 
rates. Below radiative decay rate of the d/i'^He complex 
Eq. 1^) can be measured as follows. 

The time distribution of the 7 rays (relative to the 
muon stop time) falls (in a pure target) experimentally 
off with the disappearance rate of the muonic deuterium 
ground state, A^^, 



dN. 



dt 



with Adfj, the amplitude and 



Arf^ — Ao + Arf3Hc<y3CHc 

+ Wf^CD [1 - Wuqf^il 



(25) 



Pi^d)] ■ (26) 



Ajjsjjo is the molecular formation rate for the d/i'^He 
molecule, Aq = 0.455 x 10^ s~^ is the free muon decay 
rate. Xddfi is the effective dd/i molecule formation rate, /3 
the relative probability of nuclear fusion in dd/x with neu- 
tron production in the final channel and ujd is the muon 
sticking probability to helium produced in nuclear d — d 
fusion (see Q). 

The probability of the radiative decay of the d/i'^He 
system (corresponding to the 2pa ^ Isa transition) is 
defined by 



A. 



(27) 



j^dfj^^Hc ^ ^6.85 

^ £6.85^* (1 - J/6.85) ' 



(29) 



where Ng^^s is the number of 6.85 keV 7-rays during time 
Atj elapsed after a muon stop and £6.85 is the corre- 
sponding detection efficiency. The factor Ft 



Ft 



(30) 



is the 7-ray detection time factor and 775. 85 is the 6.85 keV 
7-ray attenuation coefhcient. For the 7 rays detected 
with the del-e criterion, a corresponding N^i^ value is 
obtained using Eq. divided by the Scft coefficients. 

A comparison of the A'^^ value measured with and 
without del-e criterion provides also a test for the valid- 
ity of our coefficients Ec, ft, and iV6.85- The detection 
efficiency £5.85 was determined by MC simulations in- 
cluding feasible space distributions of muon stops in the 
target volume and experimental detection efficiencies of 
Kx lines for the pure '^He runs. 

The total number of the d/x^He molecules formed in 
D2 -|-He mixture is determined by analyzing the 6.85 keV 
7-ray time distribution. It is expressed as 



d/i^Ho _ ^d^Hc'^gCHc 



A 



dfj. 



(31) 



where is the number of d/x atoms formed via 

direct muon capture and reached the ground state 
after deexcitation. By measuring the exponential 
time distribution (|25|l and using the known quantities 
Ao, Add^: ^D, Wd, q5^°, 13 |6^|6^,|63 one can determine 
the molecular formation rate Xd^nc from Eq. (|26|l . The 
determination of N^°j3-^^ from Eq. H31|) requires in addi- 
tion the knowledge of n;'^^, isolated in Eqs. H18() and l|19|l . 
By substituting iV^^A^'Hc 7Vfj^'"'= into Eq. (j^HJl one 
finally obtains the k^^hc probability. 
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4- Delayed K series transitions from muonic helium 

As already said, the delayed muonic x rays are gener- 
ated by two different mechanisms initiated by the ground 
state d/z atoms. The second one discussed here is pro- 
ceeded by ddfi formation (in collision of (c?/i)is with 
D2 molecule) and subsequently by nuclear d — d fusion. 
Muons freed after fusion form excited muonic helium 
atoms due to direct muon capture by helium or due to 
muon capture by deuterium and subsequent muon trans- 
fer to helium. Then the delayed x rays of muonic helium 
K series transitions are observed. 

The time distribution is also determined by A^^. Be- 
sides, the relative intensities Ix,dei (or Ix-e,dei) of the 
delayed K series transitions are assumed to be the same 
as those of the prompt radiation of Kx lines. It is worth- 
while to note that the measurement of the correspond- 
ing absolute intensities enabled us to determine the third 
component of Xd^ in Eq. H26I) and, consequently, to ex- 
tract the effective formation rate of the ddfj, molecule in 
the D2-l-'^He mixture using the coefficients Wb, (also 
obtained in this paper) and average values for /3, and uid 
(taken from Refs. [Hi El HI). 
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IV. ANALYSIS 



A. Relative intensities of K series transitions 



FIG. 4: Time distribution in run I without (a) and with co- 
incidences with muon decay electrons (b). 
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FIG. 3: Prompt events energy distribution in run I without 
(a) and with coincidences with muon decay electrons (b). 



To obtain the relative intensities of muonic x-ray K 
series transitions of /z^He and /x^He atoms in helium tar- 
gets we analyzed the corresponding energy and time dis- 
tributions detected by the germanium detector in runs 
I and II. Figures 13 and ^ present the energy and time 
distributions obtained in runs I with and without muon 
decay electrons coincidences. As seen, the del-e crite- 
rion significantly suppresses the background level and 
improved the signal-to-background ratio. As already 
mentioned before, events detected within a time interval 

— [(—0.03) — (-f 0.03)] ^s relative to muon stops were 
classified as prompt ones. The prompt Kx lines events 
N^°, N^°^ were determined by fitting the experimental 
amplitude distributions by a Gaussian distribution 



dN. 



He 



dKr, 



A, 



■ exp 



(Ex — E:e 

2^ 



S-Ex + 0, (32) 



where Ej, is the mean value of the corresponding Kx line 
energy, the standard deviation for the Kx line and 
Ax the normalization constant. The germanium detec- 
tor background is taken into account by a straight line, 
with S and O being the constants. Results obtained in 
measurements I and II are presented in Tables Hll and IIIII 
Statistical errors are quoted in parentheses throughout 
the whole text. 

The analysis performed for both mixtures is similar. 
The prompt intensities are measured within the same 
time interval as for the pure helium runs, both with and 
without the delayed electron coincidence condition. The 
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TABLE II: Prompt x-ray yields of /i'^'^He K series transitions measured in different runs with pure '^He and *He. 





Ka 


KP 






Yield 




Range [keV] 


[7.83 - 


8.53] 


[9.43 - 9.96] 


[9.98 - 10.6] 


[10«] 


[10*] 


[10*] 


Runs 




* a — c 


NT Nfl, 




^ a 




1 ^ 


I (^He) 


34 319(190) 


4785(70) 


17 835(139) 2551(52) 


20 045(150) 2834(54) 


7.536(90) 


3.795(53) 


4.231(62) 


Ila CHe) 


7295(87) 


985(32) 


4919(72) 688(26) 


2616(55) 408(20) 


0.897(14) 


0.585(10) 


0.309(8) 


lib (*He) 


11 587(111) 


1593(40) 


7547(91) 1009(32) 


4627(76) 613(25) 


1.766(25) 


1.126(18) 


0.677(13) 


lie (*He) 


1303(38) 


174(14) 


709(29) 91(10) 


846(33) 123(12) 


0.287(9) 


0.151(6) 


0.178(7) 



TABLE III: Relative intensities of prompt x rays of /.i^'*He K series transitions measured in runs with pure helium. For each 
run, results from both the full statistics and the del-e condition are given. 





rHo 


rHo 
^a — e 


rHc 


rHc 


rHc 
-'7 


rHc 

7 — c 




[%] 


[%] 


[%] 


[%] 


[%] 


[%] 


I (^He) 


48.4(8) 


47.8(9) 


24.4(4) 


24.8(6) 


27.2(4) 


27.4(6) 


Ila (''He) 


50.0(9) 


47.3(19) 


32.7(7) 


33.1(14) 


17.3(5) 


19.6(13) 


lib f'He) 


49.5(9) 


49.5(15) 


31.5(6) 


31.4(11) 


19.0(5) 


19.1(8) 


lie C^He) 


46.6(18) 


44.8(44) 


24.5(11) 


23.5(29) 


28.9(13) 


31.7(35) 


Augsburger et al. [20] (*He) 


46.9(45) 




27.9(28) 




25.2(19) 




Tresch et al. [22]° 


47.0(2) 




20.3(10) 




32.7(16) 





"for ^He {ip = 0.026) and for "^He (v? = 0.0395) 



results, given in Table IVl depend on the pressure of the 
D2+'^He mixture. For comparison, results of Augsburger 
et al. (201 taken at a similar pressure as in run III, are also 
shown in the table. The differences in relative intensity 
between pure helium and the deuterium-helium mixtures 
are essentially due to excited state transfer. Additionally, 
such an analysis allows us to determine the Kx transition 
energy differences between the two helium isotopes. The 
A£'('*He — •^He) energy differences are given in Table PVl 
A theoretical prediction exists for the Ka transition [63 
which is slightly lower than our measured value. 



TABLE IV: Kx transition energy differences between the two 
helium isotopes. The last column gives a theoretical predic- 
tion for the Kct transition. 



Transitions 


Our work 


A£;(^He - =*He) [eV] 
Tresch et al [22] 


Rinker [gg] 


Kct 


77.8 ± 0.9 


75.0 ± 1.0 


74.2 


K/3 


92.9 ± 1.1 






K-y 


103.4 ± 3.4 







B. Stopping power ratio measurement 

The stopping power ratio A was determined by analyz- 
ing the time spectra of muon decay electrons measured by 
the scintillator pairs in the runs with pure helium (run 
I) and the D2 -I- ^He mixture (run III). Measurements 



with pure helium were performed to find a corresponding 
equivalent density (^hc (see Eq. ()16f) resulting in the same 
number of muon stops in the target volume as the one in 
the D2 + ■^He mixture (run III). Variation of the helium 
target density enabled us to find a density dependence of 
muon stops and hence (^hc- The A stopping power ra- 
tio was the determined according to Eq. H16|l . Note that 
the linear density dependence of muon stops in gases is 
a good approximation, if the gaseous mixture thickness 
expressed in terms of energy is significantly greater than 
the energy dispersion of the muon beam. This condition 
is fulfilled in our experiments. 

Due to muons stopping also in aluminum and gold (tar- 
get walls) besides in the gas, the electron time spectra are 
a sum of exponential functions: 



dt 



A 



Al 



-A Art 



A 



He 



(33) 



where A\^, A\^^ and A^^ are the corresponding normal- 
ization amplitudes and 

Aai 
Aau 

Aho — Ao + A, 



Qai ■ Ao + a, 



Al 
cap 

Au • Aq + A^ap 
Ho 



(34) 



cap 7 



are the muon disappearance rates in the different ele- 
ments (the rates are the inverse of the muon lifetimes 
in the target wall materials). The nuclear capture rates 
in aluminum and gold, X^l^ = 0.7054(13) x 10^ s~^ and 
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TABLE V: Relative intensities, in percent, of prompt x rays of /i^He K series transitions measured in runs III and IV. "Full" 
stands for full statistics, whereas del-e represents the delayed electron criterion. The last column presents the results of 
Augsburger et al. pQ] . 



Runs 
Transitions 


full 


III 

del-e 


full 


IV 

del-e 


Augsburger et al. [20] 


fD/Hc 
fD/Hc 
^D/Hc 


66.4(7) 
26.6(5) 
7.0(4) 


65.7(15) 
26.5(8) 
7.8(4) 


72.0(6) 
24.5(3) 
3.5(1) 


72.9(16) 
24.1(8) 
3.0(3) 


68.6(51) 
24.5(19) 
6.9(6) 



\^^^ = 13.07(28) X 10^ s-\ are known |5J|. Qai and 
Qau are the HufF factors, which take into account that 
muons are bound in the Is state of the respective nuclei 
when they decay. This factor is negligible for helium but 
necessary for aluminum Qai = 0.993 and important for 
gold Qau = 0.850 The constant B"^ characterizes 

the random coincidence background. 

By measuring the helium amplitude, A^^^ 



A 



He 



stop 



(35) 



and knowing the electron detection efficiencies averaged 
over the energy distributions (ee), one obtains the num- 
ber of muons stopping in helium A^g^^p. 



m 10 
C 



cj 10 r 




Time [,us] 



FIG. 5: Time distribution of muon-decay electrons measured 
in run I. The inset shows details at early times. 

FigureElshows the time distribution of the muon decay 
electrons measured in run I with the three exponential fit 
(Eq. (|S^ ). The ratio R of muons stopped in the target, 
i.e., the number of detected electrons N^, divided by the 
number of muons entering the target 



(36) 

depends on the helium density. Table IVll shows the mea- 
sured values of R in percent for each measurements. By 
fitting i? as a function of ip, one obtains 

a = -(0.60 ±0.11) 6= (0.099 ± 0.005) (37) 

The value of <^hc was determined from the condition 

i?((^Hc) = i?(D/He) , (38) 



where i?((^He) and i?(D/He) are the ratios for pure '^He 
(at the density tpHe) and for the D2 ± ^He mixture, re- 
spectively. We found 

(^He - 0.0361 [t'oS ■ (39) 
The corresponding value of A, using Eq. (|16|) . is then 

A^1.67[t"o:ll] ■ (40) 



TABLE VI: R ratio measurements for runs I and run III. 
Ni_i is the number of muons entering the target and Ne the 
number of detected electrons. The beam momentum was — 
34.0 MeV/c. 



Run 






R 






[10«] 


[10«] 


[10-^] 


[LHD] 


la 


1362.5 


103.8(4) 


7.62(3) 


0.0363 


lb 


704.3 


54.3(3) 


7.72(4) 


0.0359 


Ic 


750.7 


58.2(3) 


7.75(4) 


0.0355 


Id 


413.6 


32.5(2) 


7.85(6) 


0.0337 


III 


8875.2 


683.6(11) 


7.70(1) 


0.0585 



The muon stopping power ratio A of helium to deu- 
terium atoms coincides (within the experimental errors) 
with the results of Refs. 0, |6^ obtained under quite 
different experimental conditions. Our rather large rela- 
tive errors, ~ 20%, are a consequence of small statistics 
and the relatively small range of variations of ^He and 



D2 + He target densities. 



qis 



probability 



On of the main aim of runs III and IV was a mea- 
surement of the q^jf probability. In order to determine 
this quantity it was necessary to know (according to 
Eqs. H18|l - H23|) ) the muon stopping power ratio A, the 
prompt K series transition yields of ^'^He atoms in pure 

•^He and in D2 + '^He mixtures, and Nx^^'^, and 

the numbers of muon stops in pure ^He and in D2 ± '^He 
mixtures, iVstop- Significant background reduction was 
achieved by using the del-e criterion. The results are 
presented in Table IVIII Note the excellent agreement 
between full statistics and del-e analysis. 
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TABLE VII: Experimental values of obtained from the 
D2 + ^He experiments. "Full" stands for the full statistics, 
whereas del-e represent the delayed electron criterion. 



Runs 


Statistics 


x — a.,p,'y 


■yD/Hc 
^ tot 

[10«] 


lis 


III 


full 


35 376(270) 


7.70(15) 


0.882(18) 




del-e 


4968(72) 


7.60(29) 


0.885(21) 


IV 


full 


37 402(205) 


5.71(11) 


0.844(20) 




del-e 


5161(75) 


5.85(23) 


0.838(23) 



dfj, atoms due to deexcitation processes and muon trans- 
fer to helium as well as thermalisation due to elastic col- 
lisions are required to arrive at definite conclusions. It 
should also be noted that experimental results presented 
in this paper agree with earlier ones (see Ref. 71j). On 
the other hand, analogous comparison with results pre- 
sented in Refs. |23, 1^113, El is not possible due to sig- 
nificantly different helium concentrations and densities. 



D. Radiative branching ratio KdpHe 



Figure IHI shows the energy dependence of the theoret- 
ical q5^° values versus d/it + '^He collision energy calcu- 
lated for runs III and IV in the framework of the sim- 
ple {dfj,)* cascade model ^lEiiZQj and compares then 
with experiment. The model assumes that the kinetic 
energy of (dfi)* atoms remains unchanged during deex- 
citation. The value is determined from deexcitation 
and muon transfer to helium. A complicated interplay 
between these two processes is described by a system of 
linear first order differential equations for level popula- 
tions, Nni{t), with n < 12. The cff^ is defined as 



qis = Nis{t ^ 00) . 



(41) 



The deexcitation scheme is taken from Ref. jljl and the 
corresponding reaction rates are collected in Refs. 0, 




2 4 6 

collision energy (eV) 



6: Energy dependence of theoretical cffs in D2 4- ^He 



FIG 

mixture calculated for runs III (curve a) and IV (curve b) 
Experimental values of the measured in the present work 
{(ifs = (0.882 ± 0.018) and q?,° = (0.844 ± 0.020)) are repre- 
sented by hatched boxes defined by their values and errors. 



The experimental method to determine the d/i^He 
radiative decay branching ratio Kd^Hc is described in 
Sec. nil B 31 Energy and time distributions of prompt 
and delayed events detected in runs III and IV with muon 
decay electron coincidences are presented in Figs.[7|to|51 
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FIG. 7: Energy spectra of the prompt event with the del-e 
criterion in runs III and IV. 

To determine the A^^ and A^ajjc rates (see Eq. (PH|l ) 
the 7-ray time distributions were fitted within the energy 
range [5.74 — 7.50] keV using the expression 



As seen from Fig. El the experimental values of q^° 
coincide with the theoretical ones for an average d/x-He 
collision energy around 8 eV. Note the pronounce dif- 
ference between the experimental values of qf ° and the 
theoretical ones corresponding to fully thermalized dfj, 
atoms. However, more refined theoretical calculations of 
based on Monte Carlo simulations of acceleration of 



dNe,s5 



- ^d/i ^ + ^Au S + ^Al S 



-Aot 



(42) 



where A'^ , ^Xu' and AJ^^ are the normalization constants 
of the different target elements. D'' and F'^ are the con- 
stants describing the germanium background. 
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FIG. 8; Energy spectra of the delayed event with the del-e 
criterion in runs III and IV. 



TABLE VIII: Experimental results for the muonic deuterium 
ground state disappearance rate and the d^^He molecular for- 
mation rate. 



Runs 


Ad 


J. 


Ho 








[ms-1] 


III 


1.152(36),t 


at (30)ai/st 




IV 


2.496(58),t. 


t(100)sy«t 


244(6),tat(16)syst 


Average 






242(20) 


Maev et al. [72] 






232(9), 233(16)" 


Gartner et al. [28j 






185.6(77) 



"at 50 K and 39.5 K, respectively 



The results of runs III and IV for the muonic deu- 
terium ground state disappearance rate and the molec- 
ular formation rate Adsjje , using Eq. H2t)|) . are shown in 
Table The averaged value X^mc = 242(20) Ats"\ 

where the errors include statistical as well as system- 
atic errors is consistent with the measurement of Maev 
et al. |72j| , but is in disagreement with the work of Gart- 
ner et al. [2^ . 

According to Eq. (|28|l the determination of the branch- 
ing ratio Kd^Hc requires the knowledge of both the to- 
tal number of dfi^He molecules formed in a mixture and 
the number of d^^He's decaying via the radiative chan- 
nel, Eq. 1^). The corresponding numbers Nf^^ and 
^d/i Ho ^Qy-Q determined using Eqs. and The 




time [|as] 

FIG. 9: Delayed event time distributions with the del-e cri- 
terion in runs III and IV within the energy range [5.74 — 
7.50] keV. 



7 rays were measured during a time t^ and the del-e 
time interval was te — t^. The £5.85 detection efficiency 
was determined using detection efficiencies of /x^He atom 
K series transitions in runs I and II by a MC simulation. 
This MC calculation took into account the 775. 85 atten- 
uation of 7 rays passing through all layers between the 
germanium detector and the gas. The time factors ft 
for the electrons and Ft for the 7 rays are slightly differ- 
ent for both runs, ft — 0.84 and Ft = 0.94 for run III, 
and ft — 0.86 and Ft = 0.99 for run IV. All results are 
presented in Table Hxl 

The Kd^Hc values obtained in the present experiment 
for two different D2 -I- '^He densities differ somewhat 
from the experimental result of Ref. ^], i.e., Kd^Hc = 
(0.301 ± 0.061) performed under slightly different exper- 
imental conditions {ip = 0.697, CHe = 0.0913). Our re- 
sults differ slightly from the calculated Kd^Ho value in 
Ref. (33 for a total angular momentum J = of the 
d/i'^He complex. However, they are in a good agreement 
with the calculations of Refs. [23, UM ^ total angular 
momentum J = 1. 

A close comparison of the existing theoretical results 
for Kd^He, 122,1 23^.1 Z2,i lAs IM i with their experimen- 
tal results obtained in the present paper and in Ref. 
may throw some light on the mechanism of rotational 
J = 1 ^ J = transitions of dfi^He molecules in the 
2pa state, labeled Aio in Fig. [3 Specifically, two differ- 
ent mechanism of the J = 1 — > J = transition were 
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TABLE IX: Experimental results concerning formation and decay processes of d/i'^He molecules obtained from runs III and IV. 
"Full" stands for the full statistics, whereas del-e represents the delayed electron criterion. The 6.85 keV 7 rays were measured 
within an energy range [5.74 — 7.55] keV. The time intervals for the 7 rays and electrons are also given. 



Parameter Units Run III Run IV 







full 


del-e 


full 


del-e 




[^s] 


[(-0.03) - (+2.5)] 


[(-0.03) - (+2.5)] 


[(-0.03) - (+1.8)] 


[(-0.03) - (+1.8)] 




[/is] 




[0.08 - 4.6] 




[0.08 - 4.9] 


A^6.85 


[10^] 


17.42(21) 


2.15(6) 


20.07(23) 


2.63(7) 




[10^] 


20.81(136) 


20.86(136) 


16.50(70) 


16.41(72) 




[10^] 


4.20(10) 


4.37(17) 


3.76(10) 


3.53(18) 


£6.85(1 — ?76.85) 


[10-1 


4.15(8) 


5.76(15) 


6.26(19) 


8.72(32) 






0.203(14) 


0.209(17) 


0.228(12) 


0.213(15) 



proposed in Refs. [^[s^jls^ and [33] ■ Both mechanisms 
start with an Auger transition in a d/i + ■^He collision, 



dn + ^He 



(43) 



The first mechanism consists of a two stage 

process, namely the formation of a neutral complex in 
the collision 



"(rfM'He)++^^i2e 



He 
He+ 



(44) 



followed by a subsequent deexcitation due to external 
Auger effect 



2pa,J=l 



2e 



D(D2 



W^e)++^2e + D+(D 



(45) 



In the second mechanism 34] , the J = 1 ^ J = tran- 
sition involves a number of molecular processes. How- 
ever, the corresponding transition rate is essentially de- 
termined by a molecular cluster formation 



(rfM'He)++ ^^le + D2 
^(rfA*'He)++„;=oe 
and a subsequent inner electron conversion 



(46) 



(d/z3He)++^^i£ 
(rfA*'He)++^^„e 



D2 

D+ 



(47) 



The first mechanism yields an effective J = 1 ^ J = 
transition rate 



Klec + AT4'^^D + A„(pCHo 



the second mechanism gives 



(49) 



(see Refs. |43,|4J]). The effective d^i^lie decay rates are 
defined as 



'^'dec — ^'-y + K + Ap 



(50) 



for both rotational states, J = and J = 1. 

Because the effective transition rate Aio is model de- 
pendent, the ratio Aio/Ajg^ may allow us to check the 
validity of both models. A proposal for a corresponding 
experiment was presented in Refs. [4^143 ]. It exploits the 
J-dependence of the probability for the radiative d^^He 
decay ratio Kd^l¥le■ An unequivocal identification of the 
J = 1 ^ J = transition mechanism should be possible 
by measuring the 6.85 keV 7-ray yields for a series of 
different densities of D2 + "^He mixtures. The density de- 
pendence of Kjj^Hc normalized to a single d^^He molecule 



0.28 




0.2 0.4 0.6 0.8 

density, <p 



1.0 



FIG. 10: Density dependence of the 7-decay branching ra- 
tio Kd^Ho. Points with error bars are our experimental val- 
ues. The solid line corresponds to the second mechanism with 
A^ug = 10^^ s"^ 34]. The dashed lines represents the first 
mechanism with AJ^Jg = 8.5 x 10^^ s~^ [sj], whereas the dot- 



(48) ted lines is given for A^^ = 10'° s'^ [sl El- 
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\1 



+ Ai 



AioA° 



(51) 



Here, the decay rates A°g^ = 6 x 10^^ s \ ^7 — 1 



10^ 



= 7 X 10^ 



and A;^ — 



X 

1.55 X 



10" s"^ (obtained by averaging the correspondine; results 
taken from Refs. [Hl2illEl2ll2ll2ilzillll2i)are 

model independent. Concerning the first mechanism, we 



\ ext 



8.5 X 10" S 



and 



used A„ = 2 X lO^^ s' 

A%fg = IQio s-i 1111331 . For the second mechanism, we 
used Ac/ = 3 X 10" s'^ and A^^^ = lO^^ s'^ All 
density dependent rates are normalized to LHD. 

As can be seen from Fig. 1101 our experimental values 
of KdfiHc are in better agreement with the theoretical re- 
sults corresponding to the first mechanism as described 
in Czaphhski et al. IH |3^. More refined calcula- 
tions of the J = 1 ^ J = transition including realistic 
(D — c?/i'^He)°'*^+ °' interaction potentials have how- 
ever to be performed before definite conclusions can be 
drawn. Calculations in Refs. [H [s^ go in this sense 
but withing the framework of a semi-classical treatment. 
Such a treatment seems rather problematic considering 
the collision energies in such a system. More accurate, 
i.e., purely quantum calculations arc now in progress. 



K series transitions (see Table llllll are however some- 
what different from the delayed ones indicating that the 
above conditions are probably not fulfilled. 



V. CONCLUSIONS 

The measured relative intensities of Kx line muonic 
X rays in /i'^He and /^"'He atoms (see Tables IIIII and 
agree very well with other experiments. Only slight vari- 
ation due either to the isotope or to the pressure are 
visible. The stopping power ratio A of helium to deu- 
terium atoms A = 1.67 
with earlier work |2ll !& 

Regarding the q5^° probability for a atom to reach 
its ground state in a D2 -f- ^He mixture at two different 
densities, our results are 



^Qgg] is also in good agreement 



His 
'lis 



= (0.882 ±0.018) 
= (0.844 ±0.020) 



if = 0.0585 
if = 0.1680 



(53) 



in agreement with theoretical calculations for an average 
d/i — He collision energy around 8 eV. 

As for the d/x^He molecular formation rate Xd^tic for 
both our mixtures, our averaged value is 



Ad3Hc = (242 ± 20) ^s" 



(54) 



E. Delayed K series transitions of /iHe atoms 

The relative intensities Idei,x and Idei,x-c of delayed 
/iHe K series transitions were determined by measuring 
the Ndei,x events during a time interval after the muon 
stop (see TableEJ- The corresponding relative intensities 
were obtained from the ratios 



Id 



Ndel.x 



eLx 



[(1 - rix)Sxa\ 



E 

Q,/3,7 



N, 



del,: 



[(1 - rix)exa] 



(52) 



Our results should, in principle, coincide with the 
prompt intensities of K series transitions if we assume 
that the incoming muon energy distribution as well as 
the primary fiHe atom excited states distribution due to 
direct muon capture are the same as the corresponding 
ones for muons freed after the d — d fusion. The ob- 
served prompt relative intensities of the corresponding 



TABLE X: Delayed muonic x-ray relative intensities for ^He 
and ■'He atoms. 



Run 


Units 


III (^He) 


IV CHe) 




[fis] 


[0.1-2.5] 


[0.1 - 1.8] 


ie ^7 


\ps] 


[0.08 - 4.6] 


[0.08 - 4.9] 


I del, a 


[%] 


0.605(75) 


0.728(85) 


I del, 13 


[%] 


0.185(47) 


0.160(48) 


Idel,^ 


[%] 


0.209(62) 


0.112(60) 



Our result agrees very well with the measurement of 
Maev et al. [73, but is in disagreement with the work 
of Gartner et al. j^^. This difference has not yet been 
understood. 

Concerning the radiative decay branching ratio Kd/iHe 
for d/i'^He, also measured for two different densities of 
the D2 ±^ He mixture, the measured values, 

Kdt^Hc = (0.203 ± 0.014) f = 0.0585 

Kdt^Hc = (0.228 ± 0.012) f = 0.1680 (55) 

are the same for both densities, but disagree with the 
recent results by Augsburger et al. Kd^Hc = (0.301 ± 
0.061), measured at a density approximately two times 
bigger, namely chc — 0.0913. 

Finally, the relative intensities of the delayed K series 
transitions I^Ji^ of ^He atoms, due to direct "^He muon 
capture or due to muon transfer from deuterium to he- 
lium, after the muons were freed after d — d fusion were 
also measured. They differ from the prompt relative in- 
tensities, probably due to a different primary distribution 
of excited states. 

In conclusion, we were able to measure various inter- 
esting characteristics of muon atom (MA) and muonic 
molecule (MM) processes occurring in pure helium and 
in D2+^He mixtures with good accuracy. This was possi- 
ble by exploiting different germanium detectors for 7-ray 
detection in a wide energy range [3 keV— 10 MeV] , silicon 
Si(d£' — E) telescope for the detection of charged parti- 
cles coming from nuclear fusion or nuclear muon cap- 
ture on ^He and muon decay electron detectors. The self 
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consistent methods increased the rehabiUty of the pre- 
sented resuhs. Further measurements of quantities such 
as the muon stopping ratio A, the a^^ probabihty, and 
the Kd/iHe branching ratio in wider range of target den- 
sities and hehum concentrations should significantly im- 
prove the accuracy of the corresponding values and clar- 
iiy the complicated picture of muonic processes occurring 
in deuterium-helium targets. 
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